Background The diagnosis and validation of thoracic outlet syndrome/brachial plexopathy (TOS) remains a difficult challenge for surgeons, neurologists, and radiologists. This is due to the fact that the responses of standard elevated arm stress tests can be considered somewhat subjective and can vary. Therefore, non-vascular TOS cases are presently diagnosed clinically, and any objective diagnosis has been controversial. Methods This is a technique paper describing the use of dynamic neuromusculoskeletal ultrasound to assist in the diagnosis of thoracic outlet/brachial plexus pathology. We propose a new way to observe the brachial plexus dynamically, so that physical verification of nerve compression between the anterior and middle scalene muscles can be clearly made at the onset of clinical symptoms. This gives a way to objectively identify clinically significant brachial plexus compression. Results Dynamic testing can add objective analysis to tests such as the elevated arm stress tests and can correlate the onset of symptoms with plexus compression between the anterior and middle scalene muscles. With this, the area of pathologic compression can be identified and viewed while performing the dynamic testing. If compression is seen and the onset of symptoms ensues, this is a positive confirmatory test for the presence of TOS and a clinically significant disease. Conclusions This paper offers a simple, objective, and visual diagnostic test that can validate the presence or absence of brachial plexus compression during arm elevation in patients with brachial plexus injury and thoracic outlet syndrome. 
Background and Purpose
Here we present a clear-cut, objective, and visual diagnostic test which can validate the presence or absence of brachial plexus compression during arm elevation in patients with brachial plexus injury and thoracic outlet syndrome (TOS).
The diagnosis and validation of TOS/brachial plexopathy remains a challenge for surgeons, neurologists, and radiologists. Controversy over the methods dates back to the early 1900s, when Adson described his test for TOS as being positive when it showed a loss of pulse and the onset of dysesthesia with arm abduction in the elevated posture [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
In the 1960s, Roos demonstrated operatively that TOS could be present without loss of pulse, that most cases of TOS are neurogenic in nature and that the vascular type is not as common. Consequently, the Roos test and other elevated arm stress tests were developed [17, 30] . However, the results of these tests have been considered somewhat subjective in that patient response is needed and responses can vary.
Doppler vascular studies can identify the 5 % of TOS cases that are vascular but nonvascular cases cannot be diagnosed by this method. Further electrical studies with nerve conduction and electromyelographic testing, for example, EMG/NCV studies, are not reliable in most areas, with some believing that the diagnosis can be made only by testing the lateral antebrachial cutaneous nerve and the medial antebrachial cutaneous nerve, the sensory branches leading from the brachial plexus to the medial and lateral arm [33, 11] ; and others believing that conductions across the plexus from Erb's point to the axilla could document the pathology [12, 24] . Because of a lack of other objective findings, some neurologists question the diagnosis unless atrophy is present [26] .
MRI studies are useful for identifying cases with static compression, tumors, and aneurysm pathology and can identify nerve changes in some cases. Unfortunately, dynamic testing cannot be undertaken with MRI and, in addition to being expensive [7] , the clarity of nerve images is less than optimal, especially with suboptimal coils [22, 8, 23] .
These diagnostic challenges often leave clinicians with the problem of how to address pain and dysfunction in those patients who obviously have pathology, but do not present with objective documentable evidence. In such cases, highly complex surgery and other intensive medical treatments, with substantial possible complications, are difficult to justify [18, 3, 27, 16] .
Differential diagnoses include cervical disk disease, shoulder dysfunction, carpal tunnel syndrome, and other peripheral neuropathies [13] . Ultrasound is used to visualize these nerve structures and the surrounding anatomy in real time, and although this technique has been used dynamically [9] , in most cases of nerve pathology it is still used as a static study [32, 2, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
Ultrasound has been used for the dynamic evaluation of ligament and tendon structures and these techniques can be applied to entrapment neuropathies with equally reproducible and clinically useful results .
This paper addresses the diagnosis of TOS using neuromusculoskeletal (NMSK) ultrasound. Specifically, we investigate the brachial plexus and its relationship to the anterior and middle scalene and to other surrounding tissues. The nerves themselves can be visualized well using cross-sectional and longitudinal views, allowing swelling of the nerves and nerve compression to be identified. More importantly, the brachial plexus itself can be localized and visually evaluated at its point of tenderness and tested for positive tinel's sign. Along with this, dynamic testing can be performed to reproduce the elevated arm stress tests and correlate the onset of symptoms with brachial plexus compression between the anterior and middle scalene muscles. This allows us to identify the area of pathology and compression and view the actual anatomy while performing the dynamic testing. If compression is observed and the onset of symptoms ensues, this is a positive test for the presence of TOS and clinically significant disease.
Using ultrasound, we can validate that there is compression of the actual brachial plexus when elevating the arm past 90°. This is an objective test that can be correlated with the onset of symptoms in the diagnosis of TOS.
Materials and Methods
All examinations were performed by the lead author using the technique described to duplicate the positions of dynamic stress on the structures of the brachial plexus. 
Dynamic Neuromusculoskeletal Ultrasound Plexus Testing
The examination essentially "visualizes" the dynamic internal anatomy of the brachial plexus at the thoracic outlet when performing the standard and accepted diagnostic tests for TOS, such as the Roos, Adsons, Wrights, and elevated arm stress tests. The cross-sectional anatomy can be visualized as shown above (Fig. 1 ).
In the presence of clinical TOS, the anterior scalene (AS) compresses the structures of the brachial plexus (C5, C6, and C7) in the thoracic outlet between the anterior and middle scalene (MS) muscles during examination with standard elevated arm stress testing [1] .
Depending upon the amount of elasticity in the scalene muscles, the dimensions of that particular thoracic outlet, and the amount of scarring, variable degrees of compression, or none at all, may occur to the plexus. This compression and narrowing of the thoracic outlet can be clearly demonstrated using the technique described below, which visualizes the compression of the nerves in the thoracic outlet when the arm is elevated. This is shown below in the clinical case examples of normal testing as well as the dynamic videos that show compression of the brachial plexus with arm abduction.
As we will demonstrate, in normal individuals, a negative test causes no compression and the nerves of the brachial plexus can still be visualized with arm elevation. The contour and patency of the thoracic outlet is maintained with no symptoms. In positive tests, where scarring, deformity of the anterior or middle scalene, the presence of aberrant bands or constricting perineural tissue is present, compression of the brachial plexus nerve structures is evident. This can be seen in the case examples below where the C5, C6, and C7 nerve roots compress and disappear with compression between the anterior and middle scalene muscles. When accompanied by clinical symptoms of numbness or tingling, this is considered a positive test.
The NMSK ultrasound dynamic testing validates the presence or absence of actual brachial plexus compression by the added visual demonstration of nerve compression with the onset of clinical symptoms.
Ultrasound Technique
The ultrasound examination for dynamic testing of the brachial plexus for compression is performed with the patient in a seated position. Initially, the arm is in neutral, resting in the patient's lap or on a pillow. The probe is placed in the supraclavicular fossa, and the subclavian artery is identified (Fig. 2) . Color Doppler is used to ensure vascular flow. Figures 3 and 4 above show the sonographic anatomy of the brachial plexus as seen on the screen and a zoomed-in version detailing the anatomy before testing; AS, anterior scalene; MS, middle scalene, and the C5, C6, and C7 nerves in cross-section.
Generally, above and just posterior to the artery, the nerves of the brachial plexus can be identified. This is essentially the same approach utilized for performing a supraclavicular nerve block [10] . The anterior and middle scalene muscles are visible surrounding the brachial plexus (see Figs. 3 and 4) . The quality of these muscles can be evaluated at this time. Severe scarring about the brachial plexus and scalene deformities can also be identified. The brachial plexus is then viewed isolating the upper, middle, and lower trunks and the nerve roots labeled above (C5, C6, and C7). Longitudinal views should then also be obtained for completeness.
Next, the arm is allowed to hang down by the patient's side (Fig. 5) . Static views to image the plexus under the stress of the arm weight only are taken. The three hypoechoic circles of the brachial plexus are indicated by the green arrow as shown in Fig. 6 .
Next, the patient is instructed to abduct the arm directly to the side with the palm facing towards the floor (Fig. 7) . The arm is then abducted through the active range of abduction as best the patient can perform. The plexus should be visualized throughout the motion and but most importantly at 90, 130, and 150°of abduction.
The contour of the brachial plexus nerves and the maintenance or narrowing of the interval is continuously evaluated through the dynamic testing, reproducing the posture of the elevated arm stress testing through the full range of motion. Compression of the brachial plexus and the onset of clinical symptoms with narrowing or obliteration of the interval is considered a positive scan. Figure 8 shows a negative dynamic test for compression. Note the C5, C6, and C7 nerve roots at the green arrow remain visualized and uncompressed with full arm abduction. If the opposite side is asymptomatic, a comparison evaluation of the normal side is helpful in confirming a positive test, although in patients with bilateral pathology, this may not be possible.
Criteria for a Positive Dynamic Compression Test
A positive test is indicated by a decrease in the interscalene interval with abduction and brachial plexus compression with loss of surrounding soft tissue space, accompanied by either a compressed brachial plexus or obliteration of the visualized nerves. This is similar to findings on MRI with compression of the cord by a disk herniation or bulge.
It is clinically relevant that the nerves are compressed and clinical symptoms occur. This is significant in that the interscalene interval is highly variable, since the nerves of the brachial plexus, in utero, actually grow through scalene muscle mass and essentially create what become the anterior and middle scalene muscles. This anatomy is different in every individual; consequently, surgical findings and clinical presentation of brachial plexus injury can be highly variable [26] .
During the stress test, what is being measured clinically with elevation is whether abduction of the arm results in compression or impingement of the nerves themselves, which is not present in the non-stressed posture. Furthermore, it is necessary that the compression be associated with the onset of clinical symptoms, along with a documented change in either the contour or width of the space; this is then a positive clinical neuromusculoskeletal dynamic stress test evaluation.
In some cases, with repeat dynamic testing, a change in the plexus morphology is seen after a positive test with increased hypoechogenicity of the plexus nerves and hyperechogenic appearance of the surrounding tissue. Perineural edema is commonly seen in the operating room, and is visible on ultrasound scans, proximal to the area of nerve compression. This is caused by vascular compromise, specifically in the vaso vasorum. These changes are similar in dynamic testing and may also be helpful in confirming pathologic objective changes in the nerves after stress examinations produce compression.
Results

Clinical Case Examples
Static images are presented to first familiarize the reader with normal and pathologic anatomy and then dynamic video testing of several cases is presented to show the actual compression that occurs during live motion testing.
Patient DR has symptoms on the right but testing shows no entrapment of the brachial plexus before and after dynamic testing and before stress testing of the normal brachial plexus. Figure 9 shows the three normal round or ovoid hypoechoic structures (green arrow); these are the trunks of the brachial plexus with no impingement surrounded by the anterior and middle scalene muscles.
A negative or normal stress test is shown in Fig. 10 , with normal maintenance of the plexus interval and continued visualization of the round or ovoid hypoechoic structures of the brachial plexus under the green arrow.
The next example is patient MB, a 47-year-old male with post-traction injury to the left arm reporting complaints of numbness and tingling in the left arm with elevation and reaching activity. EMG/NCV studies show brachial plexus injury on the left and not on the right.
Pre-dynamic stress testing of the left brachial plexus shows three normal round or ovoid hypoechoic structures (Fig. 11, below white arrow) , which are the trunks of the brachial plexus with no impingement surrounded by the anterior and middle scalene muscles.
Below is the same patient (MB) after completing a positive scan, with the arm in abduction during dynamic stress testing. Note the complete disappearance of the three round hypoechoic structures (C5, C6, and C7) of the brachial plexus compared with the pre-stress study. This indicates compression between the anterior and middle scalene muscles. This is also a positive dynamic NMSK ultrasound test for brachial plexus compression (Figs. 12, 13, and 14) .
The attached dynamic video studies demonstrate live motion studies of dynamic stress testing for further clarification.
1. First, a normal brachial plexus dynamic neuromusculoskeletal ultrasound stress test is shown. This is what a normal brachial plexus with no compression looks like during initial scanning and through a normal dynamic stress test.
2.
Next we see a case study with bilateral testing. The image on the right side of the screen is normal and is first shown as a still before the video motion study. 3. Immediately following this are two dynamic studies of the injured brachial plexus in the same patient. This demonstrates compression with stress testing in comparison with a normal brachial plexus. These two positive scans clearly demonstrate what we would see on a positive dynamic stress test.
4.
The final video is another positive stress test in a different patient with compression of the nerve roots between the anterior and middle scalene muscles during elevated arm stress testing.
Discussion
The current approach for treatment of patients with brachial plexus injury is conservative treatment. Surgery is necessary in only about 5 % of patients and with major risk of complications such as paralysis of the facial nerve, laryngeal nerve or arm, phrenic nerve injury, hemothorax, pneumothorax, bleeding, and even death, a conservative approach is reasonable. Furthermore, 50 % of patients show no improvement 6 months after surgery and some experience degradation due to recurrent scarring [30, 19, 15, 14] . With this in mind, therapy, activity modification, and pain management become essential components of the treatment plans for patients reporting pain [20] . One of the primary issues encountered with TOS patients is how to explain the exact cause of their symptoms. Understanding the dynamics and physiology of brachial plexus nerve compression is often very difficult for patients to grasp. It can be an eye-opening experience for patients when they can actually visualize compression of the brachial plexus with the onset of clinical symptoms during the dynamic test. Patients understand almost immediately why they are experiencing numbness when they place their arms in an overhead position or reach out away from the body. The exact amount of abduction they can clinically tolerate can also be determined, which provides patients with a better idea of what they are capable of doing without aggravating the problem. It can also help them to determine the extent of their vocational and avocational abilities, and which activities may need modifications. This can help to direct therapy in that we know when the onset of symptoms will occur, both during therapeutic nerve sliding exercises as well as in lifestyle modifications. Furthermore, we can identify the areas of significant scarring and whether this is a more intermittent compression or fixed perineural scar tissue, allowing the use of modalities such as ultrasound, iontophoresis, and massage to address the clinical symptoms.
Concerning work-related problems, this information allows workplace adaptation and ergonomic changes to be instituted to allow patients to perform maximally and yet stay within their physical limits. They will also be able to identify aggravating factors. In medicolegal cases, it allows clear documentation of injury and validates legitimate pathology, which helps rule out suggestions of malingering.
Another benefit is the correlation of these findings with distal nerve studies, ultrasound, and EMG/NCV. These benefits, along with appropriate scanning of the cervical spine, can help determine whether a patient suffers from double crush syndrome and rule out any associated multilevel compression neuropathies.
In conclusion, we have described here a technique for dynamic neuromusculoskeletal ultrasound to assist in the diagnosis of TOS/brachial plexopathy. This technique provides a new, dynamic way to look at the brachial plexus, by which physical verification of nerve compression can be clearly identified at the onset of clinical symptoms, providing an objective corroboration of clinically significant brachial plexus compression. Prior to this, diagnosis of nonvascular TOS cases was primarily clinical and attempts to objectify the diagnosis have been fraught with controversy. Further clinical trials will be required to determine the accuracy and clinical utility of this new technique and to define the presence of thoracic outlet compression in clinically symptomatic individuals.
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